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LOW-GAIN REGENERATIVE AMPLIFIER SYSTEM 
BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] This invention relates generally to a regenerative laser amplifier system 
and its methods of use, and more particularly to a low-gain regenerative amplifier 
system with a simplified configuration that eliminates the leakage of the seed laser. 

Description of Related Art 

[0002] Regenerative amplifiers are typically used to increase the energy of an 
optical pulse. These pulses can be of any duration but a particularly useful range 
includes ultrafast pulses with picosecond or femtosecond duration. The laser 
oscillators that produce these ultrafast pulses are often limited in the energy per 
pulse that they can produce with a typical energy being 1 to 100 nanojoules. A 
regenerative amplifier for these ultrafast pulses can increase the energy to the 
millijoule range, a gain of 10 6 . 

[0003] A regenerative amplifier contains a gain medium surrounded by a 
resonant cavity. Within this cavity are means for switching the pulse in and out of 
the cavity. This is distinct from a multi-pass amplifier where there is no cavity or 
need to switch the pulse. In the case of the multi-pass amplifier, the pulse makes 
several trips at slightly different angles through the gain media. One advantage of 
the regenerative amplifier is that a larger number of passes through the gain media 
can be used, and thus a larger gain can be obtained. 

[0004] A regenerative amplifier system contains not just the amplifier, the 
cavity and the means for switching the pulse, but also the oscillator and a means for 
isolating the oscillator from feedback. The oscillator produces a continuous train of 
pulses with a typical repetition rate of 80-100 MHz. The switching means is 
typically an electro-optic device but can also be an acousto-optics device. The most 
commonly used electo-optic device is a Pockels cell where a voltage is applied to a 
crystal and the polarization of the pulse passing through the cell is altered for 
example from horizontal polarization to vertical polarization. A polarizer is an optical 
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device that passes horizontal polarization and reflects vertically polarized pulses. 
The Pockels cell, when used in conjunction with a quarter wave plate and the 
polarizer provides the means for switching the pulse in to or out of the cavity. For 
example, once the pulse has been trapped in the cavity and been amplified to the 
point where the gain has saturated and no further amplification is possible, a voltage 
would be removed from the Pockels cell and the polarization of the pulse would be 
rotated from horizontal to vertical during the next pass of the pulse through the 
Pockels cell and waveplate. When the pulse is then incident on the polarizer, it will 
be reflected from the cavity. This then constitutes the output beam of the 
regenerative amplifier. 

[0005] There are several options for switching the pulse in to and out of the 
cavity. Two Pockels cells may be used as described in US Patent No. 5,790,303. 
One Pockels cell is used to switch the pulse in and the second is used to switch the 
pulse out. The pulse exits the regenerative amplifier from an intracavity polarizer. 
The pulse can be injected in the amplifier by another polarizer or off the Brewster 
surface of the gain medium, as shown in Figure 4 of the patent. During the time 
before the seed pulse is switched into the cavity of the regenerative amplifier, the 
pulses from the oscillator enter the cavity, pass through the gain medium and are 
reflected back towards the oscillator itself. This poses a severe problem since 
ultrafast oscillators are very sensitive to feedback. Reflection of as little as 1 % of the 
light output from the oscillator back into the oscillator can cause instability and large 
fluctuations. A Faraday isolator is required to block the train of seed pulses from the 
returning in the direction of the oscillator. Thus a typical regenerative amplifier 
system consists of two Pockels cells and one or two polarizers in the regenerative 
amplifier cavity and a Faraday isolator located between the oscillator and the 
regenerative amplifier. 

[0006] Some gain media do not produce as much gain per pass as others. 

These low-gain gain media are usually chosen for the wavelength they operate at or 

the ability to produce shorter pulses. For low-gain regenerative amplifiers, it is 

imperative to reduce the losses per pass in the cavity. Thus most low-gain 

regenerative amplifiers use only a single Pockels cell and a single polarizer within 

the cavity. Thus the same polarizer and Pockels cell are used to switch the pulse in 

to and out of the cavity. This requires more sophisticated high voltage electronics to 

drive the Pockels cell. The problems of feedback of the seed pulse to the oscillator 
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still exists and a Faraday isolator is almost always used to prevent this feedback. 
Occasionally, prior art systems have used a 4% reflector instead of the Faraday 
isolator, however this does a poor job of isolation. A new problem occurs however, 
when a single Pockels cell and polarizer are used. The seed pulses that are incident 
on the regenerative amplifier cavity prior to one pulse being switched in to the cavity 
are now rejected by the Faraday isolator and thus do not return to the oscillator. 
Instead, these seed pulses are directed to the output beam of the regenerative 
amplifier. Thus the output of the amplifier consists of a large number of undesired 
seed pulses in addition to the amplified pulse. An example of such a system is given 
in "Diode-pumped Nd:glass kilohertz regenerative amplifier for subpicosecond 
microjoule level pulses", by A. Braun, X. Liu, G. Mourou, D. Kopf and U. Keller, in 
Applied Optics vol. 36, no. 18 page 4163-4167. The authors state, "This background 
power level was 3 mW." They conclude that "both the background power level and 
postpulses could be eliminated with a suitable electro-optic pulse selector" although 
they do not demonstrate how this may be accomplished. 

[0007] One other configuration is described in "8-TW 90-fs Cr:LiSAF laser", by 
P. Beaud, M. Richardson, E. J. Miesak and B. H. T. Chai, in Optics Letters vol. 18, 
no. 18, page 1550-1553. The authors use a single Pockels cell before the cavity to 
pick a single pulse for injection and a single Pockels cell and polarizer in the cavity to 
switch the pulse in. They do not switch the pulse out however and instead let a train 
of output pulses emerge from the end mirror of the cavity. Two additional Pockels 
are then required after the cavity to choose a single amplified pulse from this pulse 
train. 

[0008] There is a need for a low-gain regenerative amplifier with a minimum of 
intra-cavity elements. There is a further need for a low-gain regenerative amplifier 
without leakage of the seed pulses as part of the output beam. There is yet a further 
need for a low-gain regenerative amplifier with a minimum number of expensive 
components. There is yet a further need for a low-gain regenerative amplifier with a 
high contrast ratio. 
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SUMMARY OF THE INVENTION 



[0009] Accordingly, an object of the present invention is to provide low-gain 
regenerative amplifiers, and their methods of use, that do not require a Faraday 
isolator. 

[0010] Another object of the present invention is to provide low-gain 
regenerative amplifiers, and their methods of use, that have an improved contrast 
ratio. 

[001 1] Yet another object of the present invention is to provide low-gain 
regenerative amplifiers, and their methods of use, that allow the full power of the 
seed laser to be used as the seed. 

[0012] Yet another object of the present invention is to provide low-gain 
regenerative amplifiers, and their methods of use, that do not allow the undesired 
seed pulses to enter the regenerative amplifier and pass through the gain, therefore 
maximizing the gain available for the desired seed pulse. 

[0013] These and other objects of the present invention are achieved in a 
regenerative amplifier system. A pump source produces a pump beam. First and 
second mirrors define a resonant cavity. A gain medium is positioned in the 
resonant cavity and is optically coupled to the pump source. An oscillator produces 
multiple seed pulses. A first electro-optic switch is positioned external to the cavity. 
The first electro-optic switch provides selection of a single seed pulse for the cavity, 
and directs an amplified pulse produced in the cavity in a direction away from the 
oscillator. A second electro-optic switch is positioned in the cavity and switches the 
seed pulse in and out of the cavity. 

[0014] In another embodiment of the present invention, a method is provided 
for producing an amplified pulse from a regenerative amplifier system. A pump 
beam is produced from a pump source. Multiple seed pulses are produced from the 
oscillator. A single seed pulse is selected for the cavity. The seed pulse is switched 
in and out of the cavity. An amplified pulse produced in the cavity is directed in a 
direction away from the oscillator. This increases the contrast ratio of the amplified 
pulse to the pre-pulses. 

[0015] In another embodiment of the present invention, a method for 

producing an amplified pulse provides a regenerative amplifier system that includes 
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a cavity, gain medium, an electro-optic switch for switching a pulse in to and out of 
the amplifier and an oscillator. A pump beam is produced from a pump source. 
Multiple seed pulses are produced from the oscillator. A seed pulse is switched in 
and out of the cavity. A high voltage pulse is generated with on and off voltage 
edges to drive the electro-optic switch. The on and off voltage edges are applied to 
the electro-optic switch and are synchronized by counting pulses from the oscillator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Figure 1 is a schematic diagram illustrating one embodiment of a 
regenerative amplifier system of the present invention with a diode pumped oscillator 
and a diode pumped regenerative amplifier. 

[0017] Figure 2 is a schematic of the Figure 1 regenerative amplifier system 
illustrating placement of the gain media, mirrors, a waveplate, polarizers and two 
electro-optic switches. 

[0018] Figure 3 is a schematic diagram of a regenerative amplifier system of 
the present invention illustrating the pump beams for the gain medium. 

[0019] Figure 4 illustrates the output pulses of the Figure 1 system as a 
function of time, with the main amplified pulse as well as the pre-pulse and post- 
pulses. 

[0020] Figure 5 illustrates an embodiment of the present invention where the 
voltage applied to the electro-optic switch, of the Figure 1 system, as a function of 
time, with the voltage sag and the jitter in the trailing edge of the voltage. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0021] As illustrated in Figure 1 , in one embodiment of the present invention, a 
regenerative amplifier system, generally denoted as 10, includes a regenerative 
amplifier cavity 12 and a pump source 14 that produces a pump beam 16. The 
power of pump beam 16 can vary. In various embodiments, pump beam 16 can a 
power in the range of, of 1-100 W, 1-30 W, 1-10 W, and the like. The amount of 
pump power is selected depending on the output power desired. Pump beam 16 
can have a variety of wavelengths, including but not limited to a wavelength in the 
range of 800 to 1000 nm. 
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[0022] A first electro-optic switch 18 is positioned external to regenerative 
amplifier cavity 12 (hereafter "cavity 12"). A second electro-optic switch 20 is 
positioned in cavity 12. An oscillator 22 is coupled to first electro-optic switch 18 and 
produces multiple seed pulses 24. 

[0023] A pump source 26 produces a pump beam 28 for oscillator 22. In 
various embodiments, pump source 26 can be selected from a diode, a diode bar, a 
fiber-coupled diode bar, and a single fiber coupled diode-bar. In one specific 
embodiment pump source 26 is a single fiber-coupled diode source. Control 
electronics 30 are coupled to pump sources 14 and 26, to first electro-optic switch 
18, and to second electro-optic switch 20. 

[0024] Figure 2 illustrates an embodiment of regenerative amplifier system 10 
in more detail. First and second end mirrors 32 and 34 define cavity 12, which is a 
resonant cavity. A gain medium 36 is positioned in cavity 12 and is optically coupled 
to pump source 14. First electro-optic switch 18 selects a single seed pulse 38 from 
the multiple seeds pulses 24 from oscillator 22. In various embodiments, single seed 
pulse 38 can have a duration in the range of about 100 fs, 300 fs, about 1 ps, and the 
like, depending on the gain media used in the oscillator. 

[0025] The seed pulse from the oscillator can be stretched by, for example, a 
prism pair dispersive delay line, a grating pair dispersive delay line, a Gires-Tournois 
interferometer or the like. The stretched seed pulse 38 can have a duration in the 
range of about 100 ps, 300 ps, about 1 ns, and the like, depending on the stretching 
configuration chosen. The purpose of stretching the seed pulse is to avoid damage 
in the regenerative amplifier due to high peak powers and to avoid nonlinear effects 
in the gain medium, such as Raman generation, for example. 

[0026] The unwanted seed pulses 39 are directed away from cavity 12. First 
electro-optic switch 18 directs an amplified pulse 40, produced in cavity 12, in a 
direction away from oscillator 22. Second electro-optic switch 20 switches single 
seed pulse 38 in and out of cavity 12. First and second electro-optic switches 18 
and 20 can be Pockels cells, electro-optic deflectors, acousto-optic modulators and 
the like. 

[0027] As illustrated in Figure 2, gain medium 36 can be positioned between 

two fold mirrors, 40 and 42, which can be AR coated for the pump wavelength and 

HR coated for the amplified pulses. A variety of different gain media 36 can be 

utilized including but not limited to, Yb:KGW, Yb:KYW, Yb:YAG, Yb:SYS, Yb:BOYS, 
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Yb:GdCOB, Yb:glass, Nd:KGW, Nd:glass, Cr:LiSAF, CrLiCAF, Ti:sapphire, 
Nd:YAG, Nd:YLF, Nd:YV0 4 , and the like. In one embodiment, Yb:KGW is used as 
gain media 36. 

[0028] One advantageous property of the Yb doped materials is that the 
absorption bands are quite broad as a function of wavelength as disclosed in 
Application No. 10/233,138. For example, a Yb:KGW laser can be pumped with any 
wavelength between 940 nm and 950 nm with a minimal change in output power. 
The diode lasers that are used for pumping change their wavelength as they age. 
Typically a diode laser will drift a few nm from the beginning of life until the end of 
life. For Nd doped materials with narrow absorption bands, the diode temperature 
must be decreased during the life of the diode to keep the pump wavelength 
constant. For the Yb doped materials with broad absorption bands, the temperature 
can be kept constant. As a result, a colder initial temperature can be used and the 
lifetime of the diodes will then be increased. 

[0029] Cavity 12 can include any number of different fold mirrors, in the Figure 
2 embodiment, fold mirrors 44, 46 and 48 are provided. Fold mirror 50 is a polarizer 
that reflects vertical polarization and passes horizontal. Polarizer 51 is oriented to 
reflect horizontal and pass vertical polarization. A quarter wave plate 52 can also be 
included for the purpose of rotating the polarization of the pulses in the cavity. In this 
configuration, the cavity is closed or high loss when no voltage is applied to the 
Pockels cell and open or low loss when the quarter wave voltage is applied. In an 
alternative embodiment, the quarter wave plate may be eliminated from the cavity by 
tilting the Pockels cell to an angle such that it contributes a quarter wave of 
retardation when no voltage is applied. 

[0030] As illustrated in Figure 3, one or more telescopes 54 and 56, which 
include optical elements such as focusing lenses, can be provided, to direct pump 
beam(s) 16 into cavity 12. Polarization scramblers 58 and 60 are included to 
scramble the polarization of the pump beam after it is transmitted through the fiber. 

[0031] In one embodiment of the present invention, regenerative amplifier 

system 10 provides a method for producing amplified output pulses 40. Pump beam 

16 is produced from pump source 14. Multiple seed pulses 24 are produced from 

oscillator 22. A single seed pulse 38 is selected for cavity 12. Seed pulse 38 is 

switched in and out of cavity 12. Amplified pulse 40, produced in cavity 12, is 

directed in a direction away from oscillator 22. 
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[0032] In Figure 4, amplified output pulses are shown as a function of time. 
The pulse that is intentionally switched out from cavity 12 is shown as amplified 
output pulse 40. It is not possible to switch the entire amplified output pulse 40 from 
cavity 12, and thus a small pulses remains inside cavity 12. On each subsequent 
round trip around cavity 12, some of amplified output pulse 40 leaks out, leading to 
the post-pulses that are illustrated in Figure 4. The ratio of the energy in amplified 
output pulse 40 to the post-pulse is called the post-pulse contrast ratio. By way of 
illustration, and without limitation, a typical value for the post-pulse contrast ratio can 
be 100 or 200. 

[0033] As shown in Figure 4 there pre-pulses can emerge from the 
regenerative amplifier system 10 prior to amplified output pulse 40. These pre- 
pulses are typically due to two sources. The first source is leakage of amplified 
output pulse 40 in previous round trips of cavity 12. This can be due to transmission 
of amplified output pulse 40 at an imperfect polarizer 50 or a non-optimal voltage 
applied to the Pockels cell 20 in the cavity. A second source of pre-pulses can occur 
if additional seed pulses 24 are switched in to cavity 12 at the beginning of the 
amplification process. The ratio of the energy in amplified output pulse 40 to the pre- 
pulse is called the pre-pulse contrast ratio. By way of illustration, and without 
limitation, a typical value for the pre-pulse contrast ratio can be 1000 or 2000. 

[0034] In another embodiment of the present invention, a method is provided, 
using regenerative amplifier system 10, for producing amplified output pulses 40. In 
this embodiment, a high voltage pulse is generated with on and off voltage edges to 
drive electro-optic switch 20. The on and off voltage edges are applied to electro- 
optic switch 20 from control electronics 30. In previous systems, a pulse is chosen 
from the oscillator to begin the sequence of high voltage pulses for the amplification 
process. Then the on and off voltage edges are produced using a purely electronic 
delay. For the low-gain regenerative amplifier, the number of round trips is large and 
thus the delay of the off edge after the on edge can be 1 microsecond or as long as 
several microseconds. This time is much longer than the time required in high-gain 
regenerative amplifiers. The jitter in the timing of this edge is related to the total 
delay time for a purely electronic delay. In one embodiment of this invention, we 
count subsequent pulses from the oscillator to achieve the coarse delay of several 
microseconds. The fine delay is then achieved by an electronic delay or alternatively 

a piece of cable. Since the oscillator 22 has very low timing jitter over the period of a 
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few microseconds, the jitter of the off edge is greatly decreased. In an alternative 
embodiment, the amplified pulses in the regenerative amplifier are used instead to 
trigger the off edge of the high voltage. 

[0035] Turning now to Figure 5, the voltage applied to electro-optic switch 20 
is shown. Ideally, the voltage is exactly the quarter wave voltage for the entire time 
that cavity 12 is open. In this way there is minimum loss during the entire time that 
amplified output pulse 40 is building up. However, it is not possible to keep this 
voltage constant and it gradually increases (or decreases) at later times. For a low- 
gain regenerative amplifier, this is particularly problematic. First, the number of 
round trips required in the cavity to saturate the gain and generate the maximum 
power is greater. This means that the cavity must be kept open longer and the 
voltage sag will be greater. Second, the sensitivity to excess loss is greater because 
the gain is lower. 

[0036] In one embodiment of the present invention, the voltage value is 
adjusted so that the voltage profile is exactly the quarter wave voltage at the end of 
the high voltage pulse. In this way, the pre-pulses that are output from the 
regenerative amplifier system 10 are minimized. This is because the pulses leaking 
out of regenerative amplifier system 10 are smaller at earlier times because they 
have not yet been amplified. One consequence of this choice is that more than a 
single pulse can be injected into cavity 12 when it is first opened, and the voltage is 
less than the quarter wave value. If only a Faraday isolator is used prior to injecting 
pulses into the cavity, many pulses will be injected and an additional number of pre- 
pulses will be generated. With one embodiment of the present invention, electro- 
optic switch 18 is between the oscillator and the amplifier to pick a single pulse for 
injection and thus avoid this problem of injecting multiple pulses. 

[0037] The foregoing description of a preferred embodiment of the invention 
has been presented for purposes of illustration and description. It is not intended to 
be exhaustive or to limit the invention to the precise forms disclosed. Obviously, 
many modifications and variations will be apparent to practitioners skilled in this art. 
It is intended that the scope of the invention be defined by the following claims and 
their equivalents. 

[0038] What is claimed is: 
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